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Transmission in the cardiac vagal reflex pathway can be in-
hibited by stimulation of the hypothalamic defense region or
somatic afferent nerves. A pharmacological analysis of inhibi-
tory modulation of reflex vagal bradycardia was undertaken in
the present study. Picrotoxin (0.5-1 .5 mg/kg i.v.) or bicucul-
line (0.5-1 .5 mg/kg i.v.) produced a dose-related blockade of
inhibition of reflex vagal bradycardia elicited by stimulation of
the lateral hypothalamus or branches of the brachial plexus in
spinal (C1 or C8 transected) cats. In contrast, strychnine and
pentylenetetrazol failed to change the heart rate responses
produced by stimulation ofthe hypothalamus or brachial plexus
afterents. Picrotoxin and bicuculline also blocked inhibition of
reflex vagal bradycardia produced by stimulation of the inferior
olive in decerebrate spinal cats. This observation supports the
contention that these agents act in the brain stem to block
inhibitory modulation of reflex vagal bradycardia. In addition,
picrotoxin and bicuculline lowered basal heart rate in spinal
cats but not in decerebrate spinal cats. This observation sug-
gests that tonic suprabulbar inhibition of reflex vagal bradycar-
dia also is sensitive to blockade by picrotoxin and bicuculline.
It has been established that baroreceptor-induced vagal
bradycardia can be inhibited by electrical stimulation of the
hypothalamic defense region (Hilton, 1963; Hockman et al.,
1969; Djojosugito et at., 1970; Gebber and Snyder, 1970), various
brain stem nuclei (Smith and Nathan, 1966; Calaresu and
Henry, 1970; Gebber and Klevans, 1972) or somatic afferent
nerves (Iriuchijima, 1972; Quest and Gebber, 1972). Moreover,
it has been demonstrated that suprabulbar regions tonically
inhibit cardiac vagal activity in a number of species (Hoff et at.,
1952; Glasser, 1962; Korner et at., 1972).
To date, a pharmacological analysis of inhibitory modulation
of transmission in the cardiac vagal reflex pathway has not
been carried out. The present study was designed to investigate
this problem. Our results indicate that inhibition of reflex vagal
bradycardia by hypothalamic, brain stem or somatic afferent
nerve stimulation is blocked specifically by picrotoxin and
bicuculline. In addition, tonic suprabulbar inhibition of vagal
bradycardia also is blocked by these agents.
Methods
General. Experiments were performed on 34 spinal (C or C8 tran-
sected) cats anesthetized with a-chloralose (40 mg/kg i.v.). The animals
were respired artificially and paralyzed with decamethonium bromide
(0.5 mg/kg i.v.) to prevent somatomotor movement associated with the
administration of central nervous system stimulants. Supplemental iv.
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doses (0.25 mg/kg) of the neuromuscular blocking agent were admin-
istered, as required, during the course of the experiment. Decametho-
nium had no effect on basal heart rate in spinal cats or on the ability of
central or somatic afferent nerve stimulation to inhibit reflex vagal
bradycardia. Rectal temperature was maintained between 36 and 38#{176}C
with a heat lamp.
Blood pressure was monitored with a femoral arterial catheter and
displayed on a Grass polygraph. Beat-to-beat heart rate was measured
with a Grass cardiotachometer which was triggered by the femoral
pulse wave. Phenylephrine hydrochloride was infused intravenously
(5-20 g/imn) to maintain blood pressure in the spinal cat at a level
(>100 mm Hg) sufficient to activate the cardiac vagus reflexly. Reflex
vagal activation associated with the presser action of phenylephrine
can be attributed primarily, if not solely, to increased baroreceptor
nerve discharge (Gebber and Klevans, 1972).
Pretentorial decerebration was performed stereotaxically as de-
scribed in a previous report from this laboratory (Barman and Gebber,
1978). The completeness of decerebration was verified by visual exam-
ination of the brain at the end of each experiment.
Electrical stimulation and histology. Bipolar concentric stainless
steel electrodes with 0.25 mm exposed tips (David Kopf Instruments,
model SNE-100) were positioned stereotaxically into the brain accord-
ing to the coordinates ofSnider and Niemer (1961) and Berman (1968).
Pulses were applied to selected sites in the lateral hypothalamus (A9,
L2.5, H-2 to H-4) and inferior olive (P12, L1.5, H-9.5 to H-10.5) by
means of a square wave stimulator connected to a stimulus isolation
unit. Stimulation parameters were 15 V, 0.1 to 1 msec and 10 to 50 Hz.
Electrode positions were verified by examination of histological sec-
tions. The brain was removed and fixed in 10% buffered formalin at the
end of each experiment. Frontal sections of 30 .tm thickness were cut
with a cryostat microtome and stained with cresyl violet.
Stimuli were applied to the central ends of the cut radial and/or
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Fig. I . Effect of picrotoxin on hypothalamus-induced inhibition of
reflex vagal bradycardia in a high spinal cat. A. Cardiovascular re-
sponse produced by stimulation (1 5 V, 1 msec, 50 Hz) of a site (A9,
L2.5, H-3) in the lateral hypothalamus. Top trace is blood pressure
(millimeters of mercury). Bottom trace is heart rate (beats per minute).
Hypothalamic stimulation occurred during downward deflection of time
base (1 sec/division). B. Same, but 10 mm after iv. injection of
picrotoxin (0.5 mg/kg). C. Same, but 1 0 mm after an additional dose
of picrotoxin (0.5 mg/kg iv.). D. Blood pressure and heart rate after
atropine (0.25 mg/kg iv.). Phenylephrine was infused at a constant
rate (1 0 zg/min) throughout the course of the experiment. Phenyleph-
rifle infusion rates were 5 to 20 ig/min in subsequent figures.
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Fig. 2. Comparison of the effects of four central nervous system stimulants on hypothalamus-induced inhibition of reflex vagal bradycardia in the
high spinal cat. Heart rate is plotted against the frequency of hypothalamic stimulation (1 5 V, 1 msec) in each experiment. Control frequency-
response curves are shown by #{149}.A: 0, after iv. injection of 0.5 mg/kg of picrotoxin; #{149},after an additional 0.5 mg/kg of picrotoxin. B: 0, after
i.v. injection of 0.5 mg/kg of bicuculline; , after an additional 1 mg/kg of bicuculline. C: 0, after iv. injection of 0.7 mg/kg of strychnine. D:
0, after iv. injection of 50 mg/kg of pentylenetetrazol.
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ulnar branches ofthe brachial plexus through shielded bipolar platinum
electrodes. These nerves were covered with warm mineral oil. Stimu-
lation parameters were 15 V, 1 msec and 20 to 60 Hz.
Drugs. The following drugs were used: atropine sulfate, bicuculline
(base), pentylenetetrazol (base), picrotoxin (base) and strychnine sul-
fate.
Statistics. Statistical analysis was performed with the Student’s
test for unpaired data. A P value of < .05 was considered to indicate






Effect of central nervous system stimulants on hypo-
thalamus-induced inhibition ofreflex vagal bradycardia.
The results in figure 1 show that picrotoxin blocked the inhi-
bition of reflex vagal bradycardia produced by hypothalamic
stimulation in the high spinal (C1 transected) cat. Hypothalamic
stimulation increased heart rate in the high spinal cat when
mean blood pressure was maintained above 100 mm Hg with
the i.v. infusion ofphenylephrine (panel A). Gebber and Snyder
(1970) and Gebber and Klevans (1972) have attributed this
effect in the spinal cat solely to inhibition of reflex vagal
bradycardia since: 1) atropine or bilateral vagotomy raises heart
rate to the same level as that produced by hypothalamic
stimulation; and 2) hypothalamic stimulation fails to change
heart rate after atropine injection or vagotomy. Panel B in
figure 1 illustrates that hypothalamus-induced inhibition of
reflex vagal bradycardia was partially blocked 10 mm after the
i.v. injection of 0.5 mg/kg of picrotoxin. Complete blockade of
the hypothalamic effect was observed after the i.v. administra-
tion of an additional 0.5 mg/kg of the drug (panel C). Blockade
of hypothalamus-induced inhibition of reflex vagal bradycardia
was accompanied by a fall in basal heart rate (panels B and C).
The significance of this observation will be discussed subse-
quently. Panel D in figure 1 shows that atropine (0.25 mg/kg
i.v.), administered soon after the second dose of picrotoxin,
raised heart rate to the level observed during hypothalamic
stimulation (panel A) before injection of the central nervous
system stimulant.
The results in figure 2 ifiustrate that hypothalamus-induced
0
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inhibition of reflex vagal bradycardia is blocked only by those
central nervous system stimulants which possess y-aminobu-
tyric acid (GABA) antagonistic activity. The effect ofa different
central nervous system stimulant is shown in each of four
experiments. Heart rate is plotted against the frequency of
hypothalamic stimulation in these high spinal cats. Both picro-
toxin and bicucuffine are GABA antagonists in the vertebrate
nervous system (Curtis et al., 1971a,b; Johnston, 1976). As
shown in panels A and B of figure 2, these agents produced a
dose-related blockade of the increase in heart rate (due to
inhibition of reflex vagal bradycardia) elicited by hypothalamic
stimulation. In addition, basal heart rate was lowered in a dose-
related fashion. These effects lasted for 30 to 90 mm depending
upon the dose employed. In contrast to the actions of picrotoxin
and bicuculline, large doses of strychnine (panel C) or penty-
lenetetrazol (panel D) failed to affect hypothalamus-induced
inhibition of reflex vagal bradycardia or basal heart rate.
Strychnine and pentylenetetrazol do not antagonize the actions
of GABA (Franz, 1975; Johnston, 1976). The dose (0.7 mg/kg
i.v.) of strychnine employed was 7 times greater than that used
by Eccles et at. (1954) to block postsynaptic inhibition of a-
motoneurons in the cat spinal cord. The dose (50 mg/kg i.v.) of
pentylenetetrazol was almost 5-fold greater than that needed
to produce convulsions in the cat (Barnes and Eltherington,
1964).
The data presented in figure 2 are typical of those obtained
in eight experiments with picrotoxin and in two experiments
each with bicuculline, strychnine or pentylenetetrazol. The
results obtained with picrotoxin are summarized in figure 3A
and table 1. In figure 3A, the increase in heart rate (as a
percentage of control) produced by low (10 Hz) and high (50
Hz) frequency hypothalamic stimulation is plotted against the
cumulative dose of picrotoxin. The heart rate responses pro-
duced by low and high frequencies of hypothalamic stimulatiQn
in these high spinal cats were similarly depressed at each dose
level of picrotoxin. The data in table 1 show that doses (1-1.5
mg/kg i.v.) of picrotoxin which completely blocked hypothala-
mus-induced inhibition of reflex vagal bradycardia produced a
statistically significant decrease in basal heart rate in the high
spinal cat.
Effect of picrotoxin in the decerebrate spinal cat. Ex-
periments were performed on decerebrate spinal cats for two
reasons. First, as already described picrotoxin lowered basal
heart rate in the high spinal cat. This observation raised the
possibility that tonic suprabulbar inhibition of vagal bradycar-
dia (Hoff et at., 1952; Glasser, 1962; Korner et at., 1972) might
also be sensitive to blockade by picrotoxin. This possibility was
tested by examining the effect of picrotoxin on basal heart rate
after decerebration. Second, it was of interest to learn whether
picrotoxin acted in the brain stem to interfere with inhibitory
modulation of reflex vagal bradycardia. For this purpose, the
effect of picrotoxin was examined on inhibition of reflex vagal
bradycardia produced by stimulation of the inferior olive in the
medulla of decerebrate spinal cats. It has been demonstrated
previously that the inferior olive receives a projection from the
lateral hypothalamus (Smith and Clarke, 1964) and that elec-
trical stimulation of the inferior olive inhibits vagal bradycardia
of baroreceptor reflex origin (Smith and Nathan, 1966).
The results in figure 4 are typical of those observed in three
cats. Decerebration produced an immediate and sustained fall
in basal heart rate in the spinal cat (panels A and B). This
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Fig. 3. Dose-response curves illustrating the blocking effect of picro-
toxin on inhibition of reflex vagal bradycardia produced by hypotha-
lamic (A), inferior olivary (B) and brachial plexus afferent (C) stimula-
tion. Increase in heart rate (percentage of control) is plotted against
i.v. dose of picrotoxin. Picrotoxin injections were administered every
1 5 to 20 mm until the cumulative dose which produced maximum
blockade was reached. Values are means ± SE. A. Hypothalamic
stimulation (1 5 V. 1 msec) was performed in eight high spinal cats.
Frequencies of stimulation were 1 0 Hz (0) and 50 Hz (#{149})B. Inferior
olivary stimulation (1 5 V, 0.1 msec) was performed in six decerebrate
spinal cats. Frequencies of stimulation were 1 0 Hz (0) and 50 Hz (S).
C. Brachial plexus afferent stimulation (1 5 V, 1 msec) was performed
in five decerebrate spinal cats. Frequencies of stimulation were 20 Hz
(0) and 60 Hz (#{149}).
reflexes rather than to anoxic stimulation of elements in the
cardiac vagal pathway (which might have occurred as the
consequence of impaired blood supply to the lower brain stem)
for the following reason. When blood pressure was lowered
below 100 mm Hg by temporarily interrupting the i.v. infusion
of phenylephrmne, heart rate rose to the level reached after
atropine injection in the decerebrate spinal cat. Thus, cardiac
vagal tone in decerebrate spinal cats was of reflex origin. As
shown in panel C of figure 4, picrotoxin (1.5 mg/kg i.v.) failed
to affect basal heart rate when administered after decerebra-
tion. These results suggest that suprabulbar regions indeed
tonically inhibited cardiac vagal outflow under the conditions
of our experiments, and that this suprabulbar influence was
sensitive to blockade by picrotoxin. The data summarized in
table 1 support these contentions. Basal heart rate in the
decerebrate spinal cat was significantly lower than that in the
high spinal preparation. However, basal heart rate in the high
spinal cat after picrotoxin administration was equivalent to that
TABLE 1
Effect of picrotoxin and atropine on heart rate and blood pressure
in high spinal (Cl transected) and decerebrate spinal (C1 or C8
transected) cats
Values are means ± SE. Doses of picrotoxin were 1 to 1 .5 mg/kg i.v.
in experiments on high spinal cats and 1 to 2.5 mg/kg iv. in experi-
ments on decerebrate spinal cats. Dose of atropine was 0.25 mg/kg
, Statistically different from control.
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Fig. 4. Effect of decerebration on basal heart rate in a high spinal cat.
A. Blood pressure (millimeters of mercury) and heart rate (beats per
minute) before decerebration. B. Same, but 2 mm after decerebration.
C. Same, but 1 0 mm after iv. injection of 1 .5 mg/kg of picrotoxin.
Time base is 1 sec/division in all traces.
in the decerebrate spinal preparation. Note that picrotoxin
failed to affect basal heart rate in the decerebrate spinal cat.
Table 1 also shows that atropine raised heart rate to equivalent
levels in high spinal and decerebrate spinal cats.
Figure 3B summarizes the results of six experiments in which
the effect of picrotoxin was tested on inhibition of reflex vagal
bradycardia produced by stimulation of the inferior olive in the
decerebrate spinal (C1 transected) cat. The increase in heart
rate (percentage of control) elicited by low (10 Hz) and high (50
Hz) frequency inferior olivary stimulation is plotted against the
cumulative dose of picrotoxin. As was the case with hypotha-
lamic stimulation in high spinal cats (fig. 3A) picrotoxin pro-
duced a dose-related blockade of the heart rate responses
elicited by stimulation of the inferior olive. However, higher
doses of picrotoxin were required to produce maximum block-
ade of the increase in heart rate elicited by inferior olivary
stimulation. The results of a typical experiment are shown in
figure 5.
Bicucuffine also blocked inhibition ofreflex vagal bradycardia
produced by inferior olivary stimulation in the decerebrate
spinal preparation (one experiment). The i.v. dose of bicuculline
for maximum blockade in this experiment was 2.5 mg/kg. As
was the case with hypothalamic stimulation, strychnine (0.7
mg/kg i.v.) in one experiment and pentylenetetrazol (40 mg/kg
i.v.) in another did not alter the heart rate response produced
by inferior olivary stimulation.
Blockade of somatic afferent nerve-induced inhibition
of reflex vagal bradycardia. Quest and Gebber (1972) re-
ported that somatic afferent nerve stimulation inhibited vagal
bradycardia of baroreceptor reflex origin. This inhibitory proc-
ess also is sensitive to blockade by picrotoxin. Experiments
were performed on the decerebrate cat whose spinal cord was
cut at the level of the eighth cervical segment (i.e., above the
level of sympathetic nerve outflow but below the level of
afferent nerve inflow from the brachial plexus to the spinal
cord). The data in figure 6 show that picrotoxin blocked inhi-
bition of reflex vagal bradycardia produced by stimulation of
the central ends of the cut radial and ulnar branches of the
brachial plexus. The effect of picrotoxin lasted 45 mm in this
experiment (panel D).
The results of five experiments with brachial plexus afferent
stimulation in decerebrate spinal (C8 transected) cats are sum-
marized in figure 3C. The dose-response curves for low (20 Hz)
and high (60 Hz) frequency stimulation of brachial plexus
afferents are similar to those for hypothalamic stimulation (fig.
3A). The increases in heart rate produced by low and high
frequencies of brachial plexus afferent stimulation were simi-
larly depressed (expressed as percentage of control) at each
dose level of picrotoxin.
In one experiment, bicuculline (1.5 mg/kg i.v.) completely
blocked inhibition of reflex vagal bradycardia produced by
brachial plexus afferent stimulation. Large doses of strychnine
(0.7 mg/kg i.v.) in one experiment and pentylenetetrazol (50
mg/kg i.v.) in another did not affect the heart rate response
elicited by brachial plexus afferent stimulation.
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Fig. 5. Effect of picrotoxin on inhibition of reflex vagal bradycardia
produced by stimulation of inferior olive in a decerebrate spinal cat. A.
Blood pressure (millimeters of mercury) and heart rate (beats per
minute) responses produced by inferior olivary stimulation (1 5 V, 0.1
msec, 50 Hz) during downward deflection of time base (1 sec/division).
B. Same, but 1 0 mm after iv. injection of picrotoxin (0.5 mg/kg). C.
Same, but after 2.5 mg/kg (cumulative dose) of picrotoxin. D. Blood
pressure and heart rate after i.v. atropine (0.25 mg/kg). E. Frequency
response curves before and after injection of divided doses of picro-
toxin. Heart rate is plotted against the frequency of inferior olivary
stimulation. #{149},control curve; 0, after i.v. injection of 0.5 mg/kg of
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Fig. 6. Effect of picrotoxin on inhibition of reflex vagal bradycardia
produced by stimulation of brachial plexus afferents in a decerebrate
spinal (C8 transected) cat. A. Blood pressure (millimeters of mercury)
and heart rate (beats per minute) responses produced by stimulation
(1 5 V, 1 msec, 60 Hz) of central ends of cut radial and ulnar branches
of brachial plexus during downward deflection of time base (1 sec/
division). B. Same, but 10 mm after iv. injection of picrotoxin (0.5 mgI
kg). C. Same, but after an additional 0.5 mg/kg of picrotoxin. D. Shows
recovery of brachial plexus afferent-induced increase in heart rate 45
mm after injection of second dose of picrotoxin. E. Frequency-response
curves before and after injection of picrotoxin. Heart rate is plotted
against the frequency of brachial plexus afferent stimulation. #{149},control
curve; 0, after iv. injection of 0.5 mg/kg of picrotoxin; , after an
additional 0.5 mg/kg of picrotoxin.
Discussion
The present investigation demonstrated that inhibitory mod-
ulation of transmission in the cardiac vagal reflex pathway is a
picrotoxin- and bicuculline-sensitive phenomenon. Picrotoxin
produced a dose-related blockade of the inhibition of reflex
vagal bradycardia produced by electrical stimulation of the
lateral hypothalamus, inferior olive or afferents which course
through the brachial plexus. Inhibition of reflex vagal brady-
cardia also was blocked by bicucuffine.
Picrotoxin and bicuculline lowered basal heart rate in high
spinal cats to the level observed after decerebration in untreated
spinal cats. Furthermore, these agents failed to change heart
rate in the decerebrate spinal cat. These observations indicate
that tonic suprabulbar inhibition of vagal bradycardia (Hoff et
at., 1952; Glasser, 1962; Korner et at., 1972) also is a picrotoxin-
and bicucuffine-sensitive process. Moreover, these data raise
the possibility that tonic suprabulbar inhibition of vagal brady-
cardia is mediated over the pathway activated by hypothalamic
stimulation.
The data also suggest that picrotoxin and bicuculline acted
in the brain stem to block inhibitory modulation of transmission
in the cardiac vagal reflex pathway. This contention is based
on the observation that these agents blocked the increase in
heart rate produced by stimulation of the inferior olive in
decerebrate spinal cats. The inferior olive receives input from
hypothalamic regions (Smith and Clarke, 1964) which inhibit
reflex vagal bradycardia when electrically stimulated (Gebber
and Snyder, 1970). Thus, it seems most probable that picrotoxin
and bicuculline interfered directly with synaptic inhibition in
the brain stem rather than with transmission in the inhibitory
pathways to the medulla from the hypothalamus and from
brachial plexus afferents. It is not immediately clear, however,
why larger doses of picrotoxin were required to produce maxi-
mum blockade of inhibition of reflex vagal bradycardia elicited
by inferior olivary stimulation (fig. 3).
Although the mechanism (presynaptic or postsynaptic) of
inhibition of transmission in the cardiac vagal pathway remains
controversial, it is generally agreed that the site of hypothala-
mus-induced inhibition is in the nucleus of the tractus solitarius
(Weiss and Cm, 1969; Gebber, 1970; McAllen, 1976; Jordan
and Spyer, 1977). Consequently, future investigations should
deal with the possibility that picrotoxin and bicuculline act to
block synaptic inhibition in this medullary nucleus. It would
also be interesting to learn whether secondary projections from
the hypothalamus and afferents from the brachial plexus con-
verge onto a common pool of inhibitory interneurons in the
nucleus of the tractus solitarius.
DiMicco et at. (1977) recently demonstrated a fall in heart
rate of vagal origin when picrotoxin was administered to the
decerebrate cat. Although this effect could not be demonstrated
in the decerebrate spinal cat in the present study, the obser-
vation of DiMicco et at. may indicate that picrotoxin, in addi-
tion to blocking inhibitory modulation of reflex vagal bradycar-
dia, directly activates elements of the cardiac vagal reflex
pathway in the lower brain stem. Alternatively, vagal brady-
cardia in the experiments of DiMicco et at. on decerebrate cats
might be explained by blockade of tonic inhibition provided by
somatic afferent inputs to the brain stem. Regarding this pos-
sibiity, DiMicco et at. did not section the spinal cord in their
experiments.
Blockade of inhibitory modulation of transmission in the
cardiac vagal reflex pathway was produced only by central
nervous system stimulants with GABA antagonistic activity.
Thus, while picrotoxin and bicucuffine were effective, inhibition
ofvagal bradycardia produced by hypothalamic, inferior olivary
or brachial plexus afferent stimulation was not changed by large
doses of strychnine, a glycine antagonist (Curtis et at., 1971c),
or by pentylenetetrazol, a central nervous system stimulant
which possesses neither GABA nor glycine antagonistic activity
(Franz, 1975). These observations are consistent with the pos-
sibility that GABA is the transmitter responsible for inhibition
of reflex vagal bradycardia. Regarding this possibility, the in-
creases in heart rate produced by low and high frequencies of
hypothalamic, inferior olivary or brachial plexus afferent stim-
ulation were similarly depressed at each dose level of picrotoxin
(fig. 3). This observation suggests that blockade by picrotoxin
of inhibitory modulation of reflex vagal bradycardia was of the
noncompetitive type. Interestingly, picrotoxin has been de-
scribed as a noncompetitive antagonist of GABA at the crayfish
neuromuscular junction (Takeuchi and Takeuchi, 1969). It is
clear, however, that more detailed pharmacological investiga-
tion is required to test the hypothesis that GABA is involved in
the inhibition of reflex vagal bradycardia.
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